Fixed-time traffic signal control strategy in an isolated pedestrian crossing tends to reduce traffic capacity and expose vulnerable road users to more danger. To mitigate the negative impact of previous control strategy, this study proposed an optimal real-time signal timing strategy to protect pedestrian crossing and at the same time minimize the system-wide traffic delay. With the application of a wide-area radar data, the features of vehicles, pedestrians, and the passing time of non-motor vehicles and pedestrian were captured considering conflicts and traffic delay. The support vector machine for regression was utilized to hypothesize traffic delay by training. The discrete values of hypothetical passing time will be tested. The minimum value of delay can be recognized and the corresponding hypothetical passing time will be recommended as the green time for crossing. The performance of the proposed ORSTS outperformed the fixed-time traffic signal control strategy in reducing traffic delay by 22.3%.
Introduction
China's urban traffic has been experiencing exponential growth in recent years. In busy commercial blocks or arterial roads with heavy traffic, vulnerable road users, pedestrians in particular, are more likely to face greater danger when crossing roads. The main causes are lack of appropriate pedestrian crossing facilities 1 and precise signal timing. 2 Presently, a considerable number of pedestrian crossings in China are actualized without signals. Studies 3, 4 have shown that non-signal control tends to obstruct traffic flows and deteriorate the safety of pedestrians. In addition, at signalized crossroads with fixed-time traffic signal control, the fluctuation of traffic demand in peak and off-peak periods are often ignored. Therefore, fixed signaling is prone to cause inefficiency in pedestrian passing time. 5 Later, researchers proposed real-time signal control with the application of many new technologies to this area. To better capture the features of road users, computer image processing has shown its advantages for real-time performance. 6, 7 Machine learning techniques also play important roles in optimizing the strategies for traffic control. In previous studies, neural network, 8 Q-learning, 9 support vector machine, 10 fuzzy logic, and other methods are proposed to deal with streaming data to mine out the potential value, which were effective to support traffic control design. In terms of the evaluation of real-time strategies, different criteria are adopted in response to different circumstances. In the arterial road of heavy traffic, more consideration needs to be provided toward vehicular delay 12 as well as traffic pollution. 13 Areas with more pedestrians receive more attention due to the delay of pedestrians 14 and traffic conflicts between the different road users. 15 However, in actual traffic control, capturing images by camera to split different features may fail to meet the needs of desired efficiency. The accuracy, real-time performance, and robustness of the system can also be greatly influenced by obscured cameras, light intensity changes, bad weather, and so on.
In this article, an optimal real-time signal timing strategy (ORSTS) for an isolated pedestrian crossing was proposed. Due to the necessity of eliminating noise, radar data were applied to track the location and record the real-time speed of pedestrians and non-motor vehicles within 200 m of a signal. Support vector machine for regression (SVR) was utilized to solve the problem of insufficient amount of data in short-term forecasting, since it offers nonlinear function approximation and global optimal solutions in comparison to other algorithms. 16 The sum of vehicular delay and pedestrian delay is employed as the evaluation method for the proposed strategy.
The contents of this article are organized as follows: section ''Methodology'' reviews data acquisition method, definition of traffic delay based on radar data, and SVR for delay time regression. Two algorithms were depicted for optimal timing. Experimental data and results are shown in the ''Analysis and results'' section. Adjustment to the weights of vehicle delay, pedestrian delay, and significant results can be inferred in the ''Discussion'' section. Finally, the findings are summarized in the ''Conclusion'' section.
Methodology

Support vector regression
SVR is a subfield of supervised learning utilized to give prediction. Different from other machine learning algorithms, SVR trains parameters matrix Y by optimizing its insensitivity e, as shown in Figure 1 . Minimizing the error of the training set is treated as an essential restriction, instead of the optimal goal. SVR applied kernel functions to map nonlinear problems to highdimensional feature spaces and constructing linear functions. Compared to other machine learning algorithm, especially neural network, SVR performed better with small samples. In addition, SVR can better fit multidimensional data, avoiding the curse of dimensionality.
The training sample is assumed to be f(x i , y i ), i = 1, 2, . . . , mg, where m is the number of the training set, x i 2 R N denotes the input variables, and y i 2 R denotes the target variable that we are trying to predict.
Define an error function as follows
where f (x) denotes the hypothetical function, y denotes the observation, and e is the insensitivity chosen to set the confidence interval within the neighborhood of the fitting curve.
In the practical issues to be covered, the input vector x i consists of vulnerable road users' features x i (j) (j = 1, 2, . . . , n À 1) (where n is the amount of features) and the actual crossing time x i (n) in each signal cycle. y i represents the traffic delay consisting of pedestrian delay and vehicular delay. The goal of SVR is to generate a hypothetical function f (x), which satisfies jf (x) À yj ł e.
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In order to solve the under fit in a linear regression, nonlinear regression is utilized to give the optimal hypothesis in the form of
The equivalent question is to select an optimal parameter vector by training it to
where C is the ''Penalty coefficient'' which ''punishes'' the error between the hypothesis and the actual value subject to Figure 1 . The e-insensitive tube of SVR.
The standard dualization utilizing Lagrange multipliers is proposed 18 to get the optimal solution of the hypothetical function
where a i and a Ã i are the Lagrange multipliers and a i À a Ã i is the weighting coefficient of support vectors. SV is the set of all the support vectors, NSV is the amount of support vectors, and K( Á ) is the so-called kernel function, and in this article, Gaussian kernel
2 ) is selected as the nonlinear operator with comparison of other kernels.
Acquisition of quantitative variables
Division of experimental zones. A two-way-six-lane arterial road (Nanjing Zhongshan Gate Street) was selected as the experimental subject. As shown in Figure 2 , a coordinate system was established and divided the experimental subject into multiple zones: Zones 1 and 2: The waiting areas for pedestrians and non-motor vehicles before crossing the motorway. Zone 3: Motor vehicles' delay area. As entering this area, vehicles begin to slow down.
Varhelyi 19 shows that drivers determine whether to brake at 50 m upstream of the stop line. However, due to the difference in geometric design and other factors, this fixed area division cannot be generalized and will cause errors in the calculation of actual delays.
Therefore, we provide a division method based on historical data captured by radar. L d is the projection length of the delay zone in the positive half of the xaxis.
is the data format that has been pretreated, which denotes at time t object numbered i's coordinate (a With an optimal algorithm for tracking slow targets, ith pedestrian's velocity can be calculated as
When v
, equation (7) lasts for three consecutive sample time; at time t di , the ith vehicle starts to decelerate and its position (a di , b di )(i = 1, 2, . . . , n) will be marked, if
2L d will be set as the length of the delay area.
Acquisition of pedestrian features. The average speed v i of five sample time before ith pedestrian enters the waiting area is considered as its crossing speed v c . Input vector x i is arranged as follows ( Table 1) .
Definition of traffic delay
1. Vehicle delay The velocity of the ith vehicle starting to decelerate is
Statistically, the average delay d 1 of motor vehicles can be defined as follows
where t in i and t out i
are the time the ith vehicle enters or leaves the delay zone, respectively.
Pedestrian delay
Non-motor vehicles have the same characteristics of delay as pedestrians waiting in red light, so these two types of delay can be categorized as pedestrian delay. In previous studies, pedestrian delay was calculated in fixed models. However, some idealized parameters are difficult to be collected in actual observation. Moreover, pedestrian delay due to traffic conflicts when crossing the road will be compensated in the calculation of vehicular delay. Therefore, pedestrian delay is only considered when it is caused by waiting for a red light. So, the average delay time of pedestrians is
where M is the number of pedestrians waiting in the waiting areas, t i d is ith person's waiting time, and N is the number of pedestrians crossing during the green light. This radar-based calculation method applies to fixed and adaptive timings simultaneously.
ORSTS based on machine learning method
As shown in Algorithm 1, a SVR with a Gaussian kernel is utilized to give hypothesis on delay. We used a time-sharing training strategy to make the results more accurate, in which training sets were chosen to give hypothesis on corresponding periods in a day, and different traffic features of different weekdays or holidays are also considered. 
Before the end of the signal cycle, what the system can achieve from radar is only x ob i : x i excluding x i (13) (crossing time of vulnerable road users in signal control condition considering conflicts). Having optimal regression parameters, discrete values of x i (13) from t b to t m were chosen as the input value, as shown in Algorithm 2, to get the delay d t (where
A sorting algorithm will give the minimum value and the corresponding x i (13) . To match the green time with the pedestrian crossing time and reduce traffic delays simultaneously, x i (13) was set as the green time t set in a cycle.
In order to eliminate the impact of signal cycle changes on the relative pedestrian crossings and intersections, the cycle T obtained under the fixed timing optimization remains unchanged. t b is the basic value of t set to make sure pedestrians originally waiting can pass the motorway in t b and T À t b ł t po (t po is the pedestrians' maximum endurance time)
(L p is the width of the pedestrian crossing) ð11Þ t m is set to the maximum value of t set so that T À t m is the minimum green time for vehicles to pass. Related studies 20 have given the calculation model of the minimum passing time for vehicles based on improved Webster's timing strategy. Considering the actual conditions of this experimental road, t m is set to 70 s.
Analysis and results
In the experiment, peak periods during five continuous Mondays were observed. There were 221 effective ones in 230 selected signal cycles. The signal cycle was fixed to 130 and 24 s for pedestrians and nonmotor vehicles to pass the motorway, respectively. Table 2 shows part of the experiment data.
Initially, we chose 135 samples as the training set, 43 samples as the cross-validation set, and the remaining 43 samples as the test set. In order to prevent the SVR algorithm from over fitting or under fitting, in the cross-validation set, we plotted a learning curve ( Figure  3 ) to describe the relationship between the average regression cost of the cross-validation set and the number m of training sets.
As the learning curve shown in Figure 3 , the cost reaches its extreme value at m = 87, where the training strategy gets the best generalization ability, and 87 was finalized as the size of the training set. Figure 4 shows the prediction value of SVR, indicating that SVR regression has a strong generalization ability.
With permission, we applied the proposed ORSTS to the study area to evaluate the real-world effect. Optimal timing is implemented after capturing the feature vector and Table 3 shows the results, highlighting the overall reduction in delay.
Discussion
To what degree to reduce vehicle delay time or pedestrian delay time is distinguished under different traffic conditions. Studies 21, 22 show that when the waiting time Table 2 . Traffic feature vectors and delay time. at the pedestrian crossing is too long, even if under the maximum endurance time, pedestrians tend to cross the road in the red light time. Pedestrian delay should be a priority in commercial blocks and areas where large number of pedestrians assemble. Meanwhile, in arterial roads with heavy traffic and few pedestrian crossings, vehicle delay should be considered more. This can be reflected by setting different weights for d 1 and d 2 . Supplementary analysis shows that amplifying the weight of d 1 , green light time for pedestrians will decrease, while increasing the weight of d 2 , a similar influence on vehicles appears. However, the change is not infinite, for there is a constraint relationship between d 1 and d 2 .
Conclusion
In this study, we proposed an ORSTS to protect pedestrian crossing and at the same time minimize the system-wide traffic delay. To reduce the lack of robustness of real-time timing systems based on image processing, a wide-area radar is utilized to capture features. The support vector regression was trained using the real-time data to optimize real-time traffic signal timing. The experimental areas' division method based on machine learning was proved to improve the accuracy of the proposed strategy. Results of contrasting experiments show that the ORSTS outperformed the fixedtime signal timing strategy in reducing the traffic delay and improves the safety of pedestrian crossings.
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